ABSTRACT Female and male turkeys were fed 110, 73, 52, and 30% of the NRC (1994) nonphytate P (NPP) requirement without and with 500 phytase units (FTU)/ kg during 4 to 14 or 16 wk of age, respectively. At 110% P (control; also 110% of NRC Ca), phytase was without effect. At 73% of NPP (100% Ca), without phytase, performance was similar to the control; with phytase, performance was equivalent, and in some stages, superior to the control. At 52% of NPP (90% Ca), performance was inferior without phytase and was variably similar or poorer than the control with phytase. At 30% NPP without phytase, poults gained poorly and showed a high
INTRODUCTION
reported that the P in soybean meal was utilized efficiently by chicks when treated with phytase from the mold Aspergillus ficuum. This finding was not then useful because of the unavailability of commercial phytase. Such products are now available. Ravindran and coworkers (1995) reported that phytase, from Natuphos 3 , resulted in improved availability of phytate P in soybean meal. Qian et al. (1996) observed that a wider Ca to P ratio depressed the weight response of poults fed suboptimum P and increased the amount of phytase needed. Ledoux et al. (1995) found that phytase was not effective for hen turkeys from 0 to 15 wk of age with adequate P (NRC, 1994) or the NRC value reduced by 0.15%. This experiment (EXP) was conducted to study the influence of phytase on the P requirements of tom and To whom correspondence should be addressed: waibe001@tc. umn.edu. 3 BASF Corp., Mount Olive, NJ 07828.
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incidence of leg disorder at 8 wk when they were removed from experiment; poults gained better with 80% NRC Ca compared with 110%. At 30% NPP with phytase, turkeys performed remarkably well, although suboptimally, at 80 or 110% NRC Ca. Phytase at 400, 300, and 200 FTU/kg with increasing age periods performed as well as 500 FTU/kg with 73% of NRC NPP (100% Ca) and 52% NRC NPP (90% Ca). These lower phytase levels were not as sufficient as 500 FTU/kg with 30% of NRC NPP; this inadequacy was more severe with higher dietary calcium. Phytase was effective in reducing dietary P requirements of growing turkeys when the NPP levels were below NRC (1994) requirements.
hen turkeys for an extended period of growth after 4 wk of age. Impacts of levels of dietary Ca and phytase were observed. Performance criteria included BW gain and efficiency, leg bone observations, and blood measurements. (1994) . A = 110% nonphytate phosphorous, 110% calcium, Treatments 1 and 2; B = 30% nonphytate phosphorus, 80% calcium, Treatments 3 to 5; C = 30% nonphytate phosphorous, 110% calcium, Treatments 6 to 8; D = 52% nonphytate phosphorous, 90% calcium, Treatments 9 to 11; and E = 73% nonphytate phosphorus, 100% calcium, Treatments 12 to 14.
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Trace mineral mixture contains 2% iron (from ferrous sulfate), 0.3% copper (from copper sulfate), 6% manganese (from manganese sulfate), 6% zinc (from zinc oxide), 0.12% iodine (from ethylene diamine dihydroiodide), 0.02% cobalt (from cobalt carbonate), and 0.161% selenium (from sodium selenite). Vitamin mixture supplies (per kilogram of mixture) 4,400,000 IU vitamin A acetate, 1,089,108 ICU vitamin D 3 , 5,500 IU vitamin E acetate, 1.1 g menadione dimethyl pyrimidinol bisulfite, 2.65 g riboflavin, 4.0 g d-calcium pantothenate, 26.5 g niacin, 4 mg vitamin B 12 , 0.22 g folic acid, 0.55 g pyridoxine, and 22 mg biotin. 0 to 17 d by an infrared heat lamp. Average room temperatures (0800 h and 1600 h) for toms during the 4-to 8-, 8-to 12-, and 12-to 16-wk periods were 24.5, 22.9, and 22.0 C. For hens, during the 4-to 8-, 8-to 11-, and 11-to 14-wk periods, temperatures were 24.1, 22.6, and 22.4 C, respectively. Lighting was continuous for the first week and was intermittent thereafter with lights on from 0800 to 1000, 1400 to 1600, 2000 to 2200, and 0200 to 0400 h. The rooms were dark with lights off. Light was provided by one 40-watt incandescent bulb at the center of each pen; light intensity was 60 lux.
The EXP diets are presented in Tables 1, 2 , and 3; bird ages corresponded to NRC (1994) periods. For these periods, NRC (1994) requirements for Ca were 1.0, 0.85, and 0.75% and for nonphytate P (NPP) were 0.50, 0.42, and 0.38% for diets of 2,900, 3,000, and 3,100 kcal ME/kg, respectively. Calcium and P levels were expressed as a percentage per 1,000 kcal ME/kg. Corn and soybean meal were analyzed for protein and amino acids, and Ca and P supplements were analyzed for Ca and P. These values were used in the formulations by computer. The starting diet during 0 to 4 wk contained (in percentages) corn, 42.5; dehulled soybean meal, 47.5; fish solubles dried at equivalence on soybean meal, 2.5; fermentation residue product (Fermacto 5 ) 0.25; DL-methionine, 0.258; dicalcium phosphate, 2.74; calcium carbonate, 1.54; NaCl, 0.30; trace mineral mixture, 0.12; vitamin mixture, 0.25; choline chloride (50%), 0.10; and animal fat, 2.0. Calculated composition was 27.2% protein, 2,855 kcal ME/kg, 1.35% Ca, 0.961% total P, and 0.673% NPP. Trace mineral and vitamin mixtures are in Table 1 .
The 14 TRT were designed to study the efficacy of phytase at different levels of dietary phosphorus and are shown in Table 4 . A constant level of phytase [500 phytase units (FTU)/kg] and decreasing levels of phytase (400, 300, and 200 FTU/kg with increasing age) were utilized. Dietary Ca was reduced with lower P but, additionally, was fed at both reduced and NRC levels with the lowest level of P. The source of phytase was Natuphos 3 5,000. Phytase activity of this product was 5,000 FTU/g.
The turkeys were weighed individually at 4 and 6 wk, at each diet change, and at EXP completion. Feed consumption data were obtained for each period. Body weight averages do not include birds removed because of death, wrong sex, injury, lameness, or pendulous crop. Gains of such birds were included in feed efficiency calculations. (1994) . A = 110% nonphytate phosphorous, 110% calcium, Treatments 1 and 2; B = 30% nonphytate phosphorus, 80% calcium, Treatments 3 to 5; C = 30% nonphytate phosphorous, 110% calcium, Treatments 6 to 8; D = 52% nonphytate phosphorous, 90% calcium, Treatments 9 to 11; and E = 73% nonphytate phosphorus, 100% calcium, Treatments 12 to 14.
Trace mineral mixture contains 2% iron (from ferrous sulfate), 0.3% copper (from copper sulfate), 6% manganese (from manganese sulfate), 6% zinc (from zinc oxide), 0.12% iodine (from ethylene diamine dihydroiodide), 0.02% cobalt (from cobalt carbonate), and 0.161% selenium (from sodium selenite). Data were analyzed by the general linear models procedure 5.18 of SAS User's Guide: Statistics. 6 The model used was a randomized block design with 14 TRT randomized within each block. Experimental units were pens. Significant differences among TRT means were separated by Duncan's new multiple-range test (Duncan, 1955) with a 5% level of probability.
Two birds were chosen from each pen at 7, 11, and 15 wk for toms and at 7, 10, and 13 wk for hens, using the Statistix 4.0 quartiles procedure 7 (birds selected were at 25 and 75% of weight range). Blood samples were taken from a wing vein by using a heparinized syringe; plasma was prepared by centrifugation. The same birds were sacrificed using sodium pentobarbital (6 g/ml) by injection (1 ml/4.54 kg BW). Right and left tibiae were cleaned of adhering tissue; the former were used for tibial dyschondroplasia (TD) examination and the latter stored in a freezer at −20 C for bone measurements.
For bone ash determination, tibia fragments (resulting from breaking strength test) were dried, extracted with ether, dried again, and weighed. The dry fat-free bones were ashed in a muffle furnace at 550 C. Bone density was determined with a Norland Bone Densitometer 278 8 as described by Akpe et al. (1987) . A monochromatic radiation beam from 125 Iodine was driven across the tibia midpoint three times.
To quantify the incidence of locomotor and leg problems, each poult was scored: 0 = normal; 1 = may be affected; 2 = unsteady, sits, reluctant to move; 3 = rotated tibia or severely bowed legs, can get to feed; and 4 = unable to stand.
To measure severity of TD, the proximal end of the right tibia was cut with a band saw, and the lesions were scored by eye. Scores were 0 = cartilage normal with few irregularities, 1 = cartilage thickened with irregularities, 2 = cartilage thickened with deep irregularities, and 3 = slice nearly filled with white cartilaginous plug in the proximal end of the tibia.
Blood plasma was analyzed for Ca, P, and alkaline phosphatase (AP) using procedures No. 587, 360-UV, and 104, respectively, of Sigma Diagnostics 9 . A Sigma unit of AP activity is that amount of enzyme activity that will liberate 1 µmol of p-nitrophenol/h.
RESULTS
Body weight, feed, leg, and blood chemistry measurements for toms and hens are shown in Tables 4, 6 , 8 and 5, 7, 9, respectively. At 4 wk of age, toms and hens were (1994) . A = 110% nonphytate phosphorous, 110% calcium, Treatments 1 and 2; B = 30% nonphytate phosphorus, 80% calcium, Treatments 3 to 5; C = 30% nonphytate phosphorous, 110% calcium, Treatments 6 to 8; D = 52% nonphytate phosphorous, 90% calcium, Treatments 9 to 11; and E = 73% nonphytate phosphorus, 100% calcium, Treatments 12 to 14. Trace mineral mixture contains: 2% iron (from ferrous sulfate), 0.3% copper (from copper sulfate), 6% manganese (from manganese sulfate), 6% zinc (from zinc oxide), 0.12% iodine (from ethylene diamine dihydroiodide), 0.02% cobalt (from cobalt carbonate), and 0.161% selenium (from sodium selenite). of equivalent weight and distribution. The results with toms and hens are so similar that the data are described together with deviations noted.
At 110% of National Research Council (1994) Calcium and Nonphytate Phosphorus (Control)
Phytase at 500 FTU/kg diet did not affect BW of toms at 8, 12, or 16 wk or hens at 8, 11, or 14 wk (TRT 1 vs 2); nor did phytase influence ash, strength, and density of bones or leg scores at 8 or 11/12 wk, TD at 13/15 wk, or blood plasma Ca, P, and AP at 3 ages.
At 73% of National Research Council (1994) Nonphytate Phosphorus with 100% Calcium
With no phytase (TRT 12), BW was equivalent to the control (TRT 1). Bone ash, strength, and density were similar, except at 7 wk at which bone strength was greater in hens, and bone density was lower in toms. Leg condition and TD scores were similar. Plasma P was reduced significantly without phytase in hens at 7 and 10 wk and in toms at 11 wk but not at 13 wk for hens or 15 wk for toms. There were no differences in plasma Ca or AP.
Phytase supplementation (TRT 13 and 14) resulted in numerical improvements in BW; these were significant in hens at 11 and 14 wk (compare with TRT 12) and toms at 12 wk (compare with TRT 1). Leg and blood plasma measurements were similar among TRT 10 to 12, except bone density in toms was lower at 7 wk without phytase. Also, bone strength was greater in toms with phytase (compare TRT 14 and 12), and blood phosphorus was lower without phytase at 7 wk in both sexes (TRT 11 or 12 vs TRT 10).
At 52% of National Research Council (1994) Nonphytate Phosphorus with 90% Calcium
At 52% of NRC (1994) NPP with 90% Ca, BW was lower than control (TRT 1) without phytase (TRT 9) but was restored to control with either level of phytase (TRT 10 and 11).
Bone ash, density, and strength measurements were substantially lower than control TRT 1 without phytase. With phytase, bone ash was improved but was lower than control TRTS 1 and 2; however, bone strength and density were equivalent to controls (except density at 7 wk in males). Leg condition scores were satisfactory at 8 wk without or with phytase, but at 12 wk males in Trt 9, without phytase, showed a greater leg score. Blood Values in columns not followed by a common letter are different at P < 0.05.
1
Initial weight of all treatments at start of experiment (4 wk) was 0.63 kg.
2 TRT = treatment; NPP = nonphytate P; and FTU = phytase units. plasma P was reduced and AP increased without phytase. With phytase at 7 wk, blood P was significantly less than controls (TRT 1 and 2) in hens; otherwise in the many comparisons, these measurements were not different than control levels.
Summarizing, levels at 52% of NRC P and 90% of NRC Ca without phytase were deficient throughout the study without phytase. With phytase, this P level was marginally low to borderline, especially during the 4-to 8-wk period. 
At 30% of National Research Council (1994) Nonphytate Phosphorous
At 30% of NRC P, one series (0, 500, and variable phytase) was fed with 110% of NRC Ca (TRT 6, 7, 8) , and the other series was fed 80% of NRC Ca (TRT 3, 4, 5). In both series, without phytase, BW was poor and the turkeys showed a high incidence of leg disorders at 8 wk. These turkeys were sacrificed at 8 wk of age in consideration of animal well-being. With 500 FTU phytase/kg diet (TRT 4, 7), the turkeys gained BW at a reduced rate compared with 500 FTU phytase at higher P levels (TRT 10, 13, 2). The 110% of NRC Ca level consistently depressed BW compared with the 80% level, the differences reaching significance with hens at 11 and 14 wk. Variable (lower) phytase resulted in depressed BW compared with the 500 FTU TRT. With 80% of NRC Ca, the difference was significant in hens at 11 and 14 wk, whereas at 110% of NRC Ca, the difference was significant in toms at 8 wk and in hens at 14 wk.
Body weight and bone ash, strength, and density were greatly reduced at 7 wk without phytase (TRT 3, 6). With phytase, all these measurements were improved, such that overall performance virtually equaled that of TRT 9 (fed 52% of NRC P without phytase). Decrease of phytase to 400, 300, and 200 FTU/kg diet resulted in inferior leg condition of males at 12 wk at 80% of NRC Ca and even more so at 110% Ca. Plasma P and AP were considerably affected by this low level of dietary P. Most striking was P, which was low but somewhat variable in level. In TRT 9, with 52% of NRC NPP and no phytase, the same low plasma P levels were found as with TRT 3 to 8. Very similar to P was AP, but inversely; here, the higher AP levels at 7 Values in columns not followed by a common letter are different at P < 0.05. 1 TRT = treatment; NPP = nonphytate P; and FTU = phytase units.
2
Treatments with var (variable) had phytase levels of 400, 300, and 200 phytase units/kg during 4 to 8, 8 to 12, and 12 to 16 wk of age, respectively.
3
A Sigma Unit is that amount of enzyme activity that will liberate 1 µmole of p-nitrophenol/h. wk with TRT 3 and 6 (low P; no phytase) were significantly greater than the same P level with 500 FTU phytase. The 110% Ca level with variable phytase sometimes resulted in greater AP levels.
DISCUSSION
Previous Ca and P requirements for turkeys (NRC, 1954) were 2.0 and 1.0%, respectively, from 0 to 16 wk of age. These levels were reduced to 1.2 and 0.8 in NRC (1966) . The NPP minimum was 0.5% of the diet in both reports. The higher requirement for Ca in earlier reports may have been caused by unreliable vitamin D adequacy. 
Phytase Activity
A typical turkey corn-soybean meal starting diet contains about 0.46% of P from plant sources (Waibel et al., 1984) . This level represents approximately 0.32% phytin P and 0.14% NPP. Subtraction of the latter from the 0.60% NPP requirement indicates a supplementary need of 0.46%, which would be supplied by 2.5% of dicalcium phosphate. The 0.32% P from phytin P represents a substantial part of the need for supplementary P. Ravindran et al. (1995) reported that 652 U of microbial phytase is equivalent to 1 g of phytase. The tibia ash data in their Table 3 suggests that 400 U of phytase replaced approximately 0.09% NPP. In the present study, there is a 0.09% difference in NPP (average of three diet phases) between the 52 (TRT 4) and 73% NPP (TRT 9) diets; here, 500 FTU or even the variable 400-300-200 levels of phytase allowed the 52% NPP to nearly achieve the results of 73% NPP.
When NPP is subtracted from total P in the 52 and 73% diets, there is a remainder of 0.26, which is assumed to be phytin P. This calculation suggests that more of the phytin P could be available. Would greater levels of phytase be more effective? The variable levels of phytase were about as effective as the 500 FTU level with diets containing 52% of NRC (1994) NPP, which suggests that more phytase would not be more helpful if some supplemental inorganic P is present. The results with 30% NPP, where no supplemental inorganic P is added, clearly indicate that the reduced variable levels of phytase are inadequate.
In the present study, the dietary level of calcium was reduced but to a lesser extent than phosphorus, in keeping with the long-understood Ca:P relationship. This effect should be helpful as well to phytase activity, as shown by Sebastian et al. (1996) . The results with 30% of NRC (1994) NPP, showing that 80% Ca resulted in better performance than 110% of NRC Ca, were as predicted.
Body Weights, Livability, and Skeletal Integrity
Body weights were generally similar to those observed under commercial conditions. Livability was excellent. For the entire EXP, 4 to 16 wk for toms and 0 to 14 wk for hens, not including TRT 3 through 8, which were fed the low 30% of NRC NPP level, average mortality (including removals) was 2.9% for toms and 1.6% for hens.
On the day before the final weighing for each sex, birds in each pen were herded slowly around the pen, recording the incidence of abnormal structure (enlarged hocks, nonalignment of legs) or gait (e.g. quick-stepping and limping). The toms showed a 48.9% overall incidence of walking abnormality. Individual TRT, which were significantly poorer than controls (TRT 1 and 2), were 4, 5, 7, 8, 9, 10, and 11. These pens showed abnormality incidences of 64, 54, 74, 78, 76, 48 , and 50%, respectively, (average of other TRT 1,2, 12, 13, and 14 was 28.3%) indicating that low phosphorus TRT caused the increase in the walking abnormalites measured. For hens, the overall incidence of walking abnormality was 16.4%; here, TRT 4, 5, 7, 8 , and 9 were significantly poorer, and these respective incidences were 33, 55, 25, 46, and 24% (average of all other TRT was 2.0%).
Scores for TD at 10 and 11 wk for toms and hens, respectively, and of hens at 13 wk were low and not different. The toms at 15 wk showed an average TD score of 1.56 with a TRT range of 0.83 to 2.50 (Table 6 ). In TRT 9 to 11, with 52% of NRC P (diet Ca: NPP = 3.39), the least incidence of TD was found (average score 1.0), and TRT 12 to 14 with 73% NRC P (Ca:NPP = 2.72) had the greatest incidence of TD (average score 1.97). Edwards (1984) observed that TD incidence was reduced by a wider Ca:P ratio. Such was the case here. The TRT with 52% of NRC P contained a Ca level of 90% of NRC. Another interpretation is that TD scores in TRT 9 to 11 were lower because gains were not as good as in TRT 12 to 14; the reason gains were better in the latter seems to be related to the beneficial influence on gains by phytase. The control birds in TRT 1 and 2 showed intermediate BW as well as TD score.
Blood Measurements
The blood measurements presented in Tables 8 and 9 show clearly that P and AP responded in relation to P adequacy. Both show that 52% of NRC NPP with 90% of NRC Ca and phytase or 73% of NRC NPP with 100% Ca without phytase brought these measurements to control levels, in agreement with BW and bone measurement data.
Implications of Study
The study of the effectiveness of phytase in diets of growing turkeys was co-mingled with a desire to examine Ca and P requirements of modern turkeys. It has been observed that P, and to a lesser extent Ca, recommendations in current turkey production are considerably greater than NRC (1994) requirements.
An exciting aspect of reduced dietary Ca and P involves achievement of improved nutritional balance. Excessive dietary Ca depletes zinc, resulting in parakeratosis and unthriftiness in poultry and swine. A long-known effect of meat and bone meal in producing perosis in chicks (correctable by added manganese) was caused by high diet P (Wedekind and Baker, 1990) . Excessive levels of Ca and P may contribute to deficiencies of other trace minerals.
Phytase has a major role in the development of a new understanding of mineral nutrition. It is important that the P level and source, Ca and phytase levels, and trace minerals be considered together within a reliable vitamin D presence. The large reserve of Ca and P in the skeletal system supports a modest diet formulation concept.
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